Molecular dynamics simulations are described for liquid crystal molecules composed of two Gay-Berne particles connected by an eight-site Lennard-Jones alkyl chain. Calculations have been carried out for 512 molecules in the NVE and NPT ensembles for simulation times of up to 6.4 ns. The system exhibits the sequence of phases: isotropic liquid, smectic-A, smectic-B, and the simulations demonstrate the spontaneous growth of a smectic-A liquid crystal over a period of approximately 6 ns on cooling from the isotropic liquid. Model molecules are seen to remain flexible and able to change conformation in the smectic-A phase. As temperature is reduced molecules become elongated as the number of gauche conformations drops, leading to a small increase in the spacing of smectic layers. The latter is seen through the temperature dependence of the Gay-Berne radial distribution function resolved parallel to the direction of orientational order. Results are presented which show an odd-even variation of orientational order parameters for bonds in the alkyl chain, and a change in effective torsional potentials as the system is cooled from isotropic liquid to a smectic-A phase.
I. INTRODUCTION
Computer simulation has become a powerful tool for studying the structure and dynamical properties of liquid crystal phases. A range of models have been studied in recent years. 1 Hard nonspherical models have demonstrated the importance of excluded volume effects in promoting mesogenic behavior. Simulation of hard ellipsoids have shown the presence of nematic ͑N ϩ ), 2,3 discotic nematic ͑N Ϫ ) 4 and biaxial nematic phases, 5, 6 while studies of hard spherocylinders also show the presence of smectic phases. 7, 8 Addition of attractive interactions to model molecules leads to a family of continuous nonspherical potentials including the Kihara potential, 9 the Gaussian overlap model 10 and the Gay-Berne potential. 11 The latter is related to a Lennard-Jones 12:6 pair potential in which both the well-depth ⑀ and the range parameter depend on the relative orientation of the two particles. The Gay-Berne potential has proved to be particularly effective in modelling mesogenic systems and a large body of simulations which employ this model already exist. [12] [13] [14] [15] [16] A useful feature of the Gay-Berne potential is that it can easily be tuned to alter molecular shape and this has led to a variety of phases being successfully simulated. de Miguel et al. 17 have recently presented a systematic study of the effects of adjusting well-depth anisotropy, finding that the range of nematic stability is strongly influenced by this factor. Similar investigations have studied the effect on phase behavior of varying the molecular length/breadth ratio. 18 Some attempts have been made to parameterise the Gay-Berne potential to real liquid crystal molecules. 14 However, this task is far from easy and further work may be required to find the optimum way of relating Gay-Berne parameters to real systems. One other recent development is of particular note. Cleaver et al. 19 have written a generalized form of the Gay-Berne potential which is suitable for computing the interaction between dissimilar uniaxial or biaxial particles. This is an important development and may well facilitate a more realistic representation of rigid fragments of real liquid crystal molecules.
One feature of real liquid crystal molecules, which is ͑usually͒ neglected in the simulation of hard and soft nonspherical particles, is molecular flexibility. In many real liquid crystal molecules, flexible alkyl chains play a key role in determining mesophase stability. This has prompted a number of recent studies which have attempted to model liquid crystal molecules by the use of atomistic potentials. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] These models are extremely expensive in terms of computer time. Such simulations require many more sites than are typically used for hard or soft nonspherical particles. Additional burdens also appear. In molecular dynamics ͑MD͒ work, the added demands of accurately modelling internal molecular structure limit acceptable MD time-steps to between 1 and 3 fs. These are rather shorter than the time-steps usually required to integrate rigid body motion for moderately anisotropic particles and this in turn leads to a requirement for longer simulation runs. In practice studies of realistic potentials have been limited to a few hundred picoseconds: long enough to equilibrate internal molecular structure, but too short to see the spontaneous formation of ordered phases from an isotropic fluid.
In the current study a hybrid Gay-Berne/Lennard-Jones model has been employed to study the phase behavior of a model liquid crystal dimer system composed of two mesogenic units linked via a flexible alkyl chain. There has been considerable interest in liquid crystal dimers, not the least because of the exceptionally large odd-even effects seen in the transition temperatures exhibited by homologues of varying chain length. [32] [33] [34] In the present study, the rigid mesogenic parts of liquid crystal dimer molecules are repre-sented by Gay-Berne units, while the flexible chain is represented by an united atom Lennard-Jones chain. This type of hybrid model provides considerable savings in computer time over fully atomistic models. As a consequence of this, the current study is able to demonstrate the growth of a liquid crystalline phase from a completely isotropic system for the first time in an atom-based system.
The outline of this paper is as follows. Section II describes the simulation model employed, together with the molecular dynamics techniques used to study the phase behavior. The model described is similar to that employed by La Penna, Catalano and Veracini, 35 who have simulated a single Gay-Berne unit with an alkyl chain. However, there are a number of technical differences between the approach in Reference 35 and that adopted here. In Section III results are presented for simulations of 512 particles in both the NVE and NPT ensembles. Finally, in Section IV some conclusions are drawn.
II. COMPUTATIONAL MODEL
The model molecules used in this study have been made from a combination of anisotropic Gay-Berne and spherical Lennard-Jones sites ͑see Figure 1͒ . The system is related to the liquid crystal dimer molecule ␣,-bis͑4,4'-cyanobiphenyloxy͒hexane, where the cyanobiphenyl moieties have been replaced by Gay-Berne sites. In the model system, bond lengths were fixed between the centres of adjacent sites and a potential of the form 36 are used for the coefficients c n . Because Gay-Berne sites are bonded via their center of masses, it is also necessary to include one additional harmonic angle term for each site bonded to a Gay-Berne particle. These terms involve the angle between the long axis of the Gay-Berne particle and the bond between the Gay-Berne site and the Lennard-Jones site to which it is attached. For these angles o ϭ180 o , and the force constant is set at the value for a C-C-C bond angle. This term effectively prevents free rotation of GayBerne particles around their centres of mass.
The interaction energy U i j LJ for a separation r i j is given by the standard Lennard-Jones 12:6 potential,
͑2͒
For simplicity, and to substantially improve the speed of computation, only one type of Lennard-Jones atom has been used in this work. Values of ⑀ i j LJ /k b ϭ72 K and i j LJ ϭ3.923 Å have been used, based on parameters for a CH 2 united-atom from Reference 37. U i j GB represents the orientational dependent interaction energy for two Gay-Berne particles: 10, 11 
͑3͒
where û i and û j are unit vectors along the Gay-Berne molecular axes, is the orientation dependent distance of separation at which attractive and repulsive energies cancel and ⑀ 0 GB ͓⑀ GB ͔ ͓⑀Ј GB ͔ is the orientation dependent well depth. , ͓⑀ GB ͔ and ͓⑀Ј GB ͔ are given by Equations ͑2͒-͑7͒ of reference 13. In the current work the form of the Gay-Berne potential studied by de Miguel et al. 12 has been used. In this form of the potential, ϭ2, ϭ1, the length to breadth ratio ee / ss is 3 and the ratio of well-depths for end-to-end and side-to-side particles ⑀ ee /⑀ ss is 1/5. In simulation studies of the Gay-Berne mesogen, the parameters 0 GB , ⑀ 0 GB are normally set equal to unity and results are reported in terms of reduced units. In this work values of 0 GB ϭ ss ϭ4.721 Å and ⑀ 0 GB /k b ϭ⑀ ss /k b ϭ406.51 K have been used. The value of 0 GB is taken from an average of the closest approach of two biphenyl rings in the three possible side-by-side configurations, the value of ⑀ 0 GB is taken from References 35 and 38. In both of these papers, the form of the Lennard-Jones/GayBerne interaction between two particles U i j LJ/GB is obtained by replacing the Gay-Berne potential by four atomic sites situated along the molecular long axis. However, a four-site Lennard-Jones molecule is rather different in shape to a GayBerne potential. Consequently, in this work a rather more general form for U i j LJ/GB has been used based on the original work of Berne and Pechukas 10 who give the shape parameter for a rod-sphere interaction and the more recent work of Cleaver et al., 19 who derive a generalized potential for two un-like Gay-Berne particles. Accordingly,
where LJ/GB and ⑀ LJ/GB are given respectively by Equations ͑20͒ and ͑37͒ of Reference 19. In this work, values of 0
.08 K were used. Spherical nonbonded cutoffs of 9.8075 Å, 18.884 Å, and 16.4679 Å, were employed for each of the pairwise-
For interactions involving Gay-Berne particles the cutoffs have been set at 4ϫ 0 GB and 4ϫ 0 LJ/GB respectively in common with standard simulations of Gay-Berne systems and the potential has been shifted to allow the interaction energy to go smoothly to zero at the cutoff. 16 To speed computation a separate Verlet neighbor list has been employed for each of the three sets of interactions. In calculating the intramolecular contributions to U i j LJ ,
all interactions between 1-2, 1-3 and 1-4 bonded sites have been excluded.
The equations of motions were integrated using a form of the leap-frog algorithm suitable for anisotropic systems. 39, 40 Bond lengths were fixed to a tolerance of 1.0 ϫ10 Ϫ 6 Å using the SHAKE procedure of Ryckaert. 41 Initial calculations were carried out in the NVE ensemble using a time-step of 2 fs. Later calculations employed the NPT ensemble using the Anderson thermostat 42, 43 and implementing a Monte Carlo procedure to alter the volume of the system V. Following Eppenga and Frenkel, 44 changes were made in ln V. A random number ␦ was chosen uniformly from the range (Ϫ␦ max ,␦ max ), giving a new volume
with ␦ max chosen to allow acceptance ratios in the range 35-50%. For isotropic scaling of the system the length scaling factor is given by exp(␦/3). For anisotropic scaling, a box dimension L x ,L y ,L z was chosen at random with the box length scaling factor given by exp(␦). Both isotropic and anisotropic scaling methods were tried for different state points. At the highest densities, anisotropic scaling was used exclusively, allowing the box shape to vary. This avoids the possibility of translationally ordered phases forming with layers which are incommensurate with the box dimensions. The scaling procedure adopted involved multiplying molecular centres of mass by the appropriate scaling factor and moving the whole molecule accordingly while keeping internal molecular configuration fixed. 45 Trial moves were accepted with a probability equal to min(1,exp(Ϫ␤⌬H)), where
Here, N m is the number of molecules, ␤ϭ1/kT, ⌬E is the potential energy change in going from the old state to the new one.
III. RESULTS AND DISCUSSION

A. Phase behavior
Initial simulations were started from a low density array of molecules in an all-trans conformation aligned parallel to the z axis of the simulation box. Molecules were arranged with a random center of mass vector and atomic velocities taken from a Maxwell-Boltzmann distribution. This low density configuration was rapidly compressed to a density of 715.72 kgm Ϫ3 to provide a pseudo-nematic starting configuration. This density is somewhat lower than that expected for the real system, but reflects the observation by La Penna, Catalano and Veracini 35 that the effective volume of a GayBerne particle is rather larger than that of a real mesogen with similar mass and length/breadth ratio. This configuration was melted at 500 K, then equilibrated at 400 K to produce an isotropic starting configuration. The isotropic and pseudo-nematic starting configurations were used in a parallel series of simulations to map out the preliminary phase diagram at fixed volume at a range of energies in the NVE ensemble. During the simulations, orientational and translational ordering of the Gay-Berne sites was monitored; the former through the calculation of the orientational order parameter S 2 ϭ͗P 2 (cos())͘ and the latter through the radial distribution function
where r i j is the vector between the centres of mass of GayBerne particles i and j. In this work, S 2 was associated with the largest eigenvalue ϩ obtained through the diagonalization of the ordering tensor,
␦ ␣␤ , ␣,␤ϭx,y,z.
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The eigenvector associated with ϩ provides the director n describing the average direction of alignment for Gay-Berne particles. The direction of n was found to vary slowly during the course of the simulations. Consequently, a new director was computed for each set of coordinate data used in the compilation of g(r). This allowed g(r) to be resolved into two components g ʈ (r) and g Ќ (r) which were used to respectively monitor translational order parallel and perpendicular to the director.
Extensive runs at ͗T͘Ϸ390 K and ͗T͘Ϸ349 K indicated a transition to an orientationally ordered phase between these temperatures. At ͗T͘Ϸ390 K, the pseudo-nematic configuration required in excess of 3 ns simulation time to decay to an isotropic liquid. At ͗T͘Ϸ349 K, an orientationally ordered phase grew spontaneously from an isotropic liquid over a period of 6 ns. Viewing of snapshots from equilibrated con-figurations at ͗T͘Ϸ349 K, combined with extensive analysis of the degree of translational ordering ͑discussed in detail below͒, indicated that the orientationally ordered phase was a smectic-A phase. These simulations are considerably longer than any previous runs for atomistic mesogens, and represent ͑to the authors' best knowledge͒ the first atomistic simulations to conclusively demonstrate the growth of a smectic phase from an isotropic liquid. The full series of equilibrated state points from simulations in the NVE ensemble are summarized in Table I .
To check if the presence of a smectic phase was influenced by the fixed periodic boundary conditions in the NVE ensemble, a second series of simulations was carried out in the NPT ensemble. A stable isotropic phase was exhibited at 330 K, but reducing the temperature to 310 K immediately led to fluctuations in the value of S 2 and the growth of a stable orientationally ordered phase over a period of approximately 6 ns as shown in Figure 2 . As with the NVE work, visualization indicated the presence of smectic layers. Details of NPT state-points studied are included in Table II . The ordering of molecules into layers is most clearly seen through the behavior of the functions g(r), g ʈ (r), g Ќ (r) calculated for Gay-Berne sites ͑Figure 3͒. In the pretransitional region of the isotropic phase a small first peak in g(r) indicates only weak correlation between neighbouring sites. At lower temperatures g(r) takes on the appearance of a wellordered system with a substantial first solvation peak which grows in magnitude as temperature is reduced and develops additional peaks at larger values of r. The full picture is provided by the parallel and perpendicular components g ʈ (r), g Ќ (r). g ʈ (r) indicates the presence of smectic layers with a layer spacing of approximately 32.5 Å. The peak at r/Åϭ13 corresponds to two adjacent layers of Gay-Berne units ͑in separate smectic layers͒ and the peak at r/Åϭ20.2 picks up the intramolecular correlation between 2 Gay-Berne sites in the same molecule. A small but detectable shift of the r/Åϭ20.2 and r/Åϭ32.5 peaks to larger r ͑ϩ0.5 Å͒ occurs as temperature falls. This can be attributed to a molecular elongation which occurs as the temperature is reduced. The perpendicular component, g Ќ (r), can be used to monitor intra-layer order. In comparing the system at 330 K and 235 K, the increase in size of the first solvation peak and the splitting of the second peak at r/Åϭ10 into two are indicative of the change from smectic-A ͑fluid͒ order to smectic-B ͑hexagonal͒ packing of Gay-Berne units within the layers. The change in order within the layers is also clearly visible in the behavior of the pairwise orientational correlation function g 2 (r) calculated for Gay-Berne sites ͑Figure 4͒ g 2 ͑ r ͒ϭ͗ P 2 ͑ cos i j ͑r͒͒͘, ͑9͒
where i j is the angle between sites i and j and the ensemble average includes all pairs of Gay-Berne particles. In the isotropic phase at 330 K this function decays to zero at large r, but in an orientationally ordered phase tends to a value of ͗S 2 ͘ 2 at large r. In Figure 4 , the change in order in going from the smectic-A phase to the smectic-B phase is clearly visible in the form of the g 2 (r) at the temperatures 300 K and 235 K. In particular, the deepening of the troughs at r/ÅϷ7.7 and r/ÅϷ12.5 and the splitting of the peak at r/ÅϷ10 indicate the onset of hexagonal ordering within the layer. In all the curves in Figure 4 , intramolecular correlations between two Gay-Berne units within the same molecule show up as small peaks in g 2 (r), with the most popular conformation ͑all-trans͒ showing as a small blip at r/ÅϷ21.
Visualization of snapshots from the simulations confirms the picture of molecular order provided by g(r), and g 2 (r). In Figure 5 molecular configurations are plotted for four temperatures in the NPT ensemble. At high temperatures in the liquid phase there is no evidence for strong correlation between Gay-Berne units ͑Figure 5͑a͒͒. However, close to the liquid crystal phase transition ͑Figure 5͑b͒͒, in the isotropic pretransitional region, there is clear evidence for local smectic ordering and the first suggestions that the system would prefer to segregate into Gay-Berne rich and Lennard-Jones rich domains. Smectic-A layers are clearly visible at 330 K ͑Figure 5͑c͒͒, and in going from the smectic-A phase to the smectic-B phase ͑Figure 5͑d͒͒ layers become less fluid and better defined. A useful visual representation of the order of Gay-Berne centres is provided by joining the centres of all Gay-Berne units which lie within a 6 Å radius of each other. In Figure 6 this is displayed for snapshot configurations at 330 K, 235 K and the lowest temperature studied 175 K. The change in hexagonal order in going from the smectic-A ͑Fig-ure 6͑a͒,͑b͒͒ to smectic-B phase ͑Figure 6͑c͒,͑d͒͒ is clearly seen. At 175 K, monitoring of the diffusion coefficient for Gay-Berne and Lennard-Jones centres suggests that the system is frozen. At this temperature there is some evidence for correlation between Gay-Berne centres for well-ordered domains in Figure 6͑f͒ , suggesting that it may be possible to distinquish between a higher temperature smectic-B phase and a low temperature crystal-B phase. The preferred packing is for the Gay-Berne unit in the layer above to lie in the center of an edge made by the triangular lattice of Gay-Berne units below, rather than in the center of the triangle. However, some defects remain in the hexagonal layer packing at 175 K ͑Figure 6͑e͒͒ and much larger system sizes would be required to study this effect in detail.
Examination of results for S 2 , g(r), g ʈ (r) and g Ќ (r) for all state-points studied, together with visualization of snapshots, allows a final unambiguous assignment of phase behavior. These assignments have been included in Tables I  (NVE ensemble͒ and who have examined the phase diagram for Gay-Berne particles without alkyl tails. At zero pressure the Gay-Berne fluid exhibits a smectic-B phase but no smectic-A phase or nematic phase is seen ͑although a nematic phase is seen at higher pressures͒. However, if the length/breadth ratio of the Gay-Berne particle is increased 18 the effect on phase behav- ior is to increase the stability of the nematic phase and introduce a smectic-A phase. In the current work the effect of a flexible alkyl chain spacer between two Gay-Berne particles is to promote smectic-A phases by destabilizing the smectic-B phase. The strong Gay-Berne/Gay-Berne interactions however encourage segregation into Gay-Berne rich and Lennard-Jones rich domains and so no nematic phase is observed in this study.
B. Molecular structure
Replacing the vector u j in Equation ͑8͒ by bond vectors allows individual order parameters to be calculated for each bond in the molecule ͑Table III͒. The values of bond order parameters exhibit a classic odd-even effect which increases in magnitude as the temperature is reduced. For an all-trans conformation successive bonds alternately lie parallel and at an angle to the molecular long axis. The bonds lying along the molecular long axis have high order parameters. This effect is well-known and for dimer molecules of this type leads to a strong odd-even effect in the transition temperatures of a homologous series of molecules with varying chain lengths. 32, 34 The increase in bond order parameters as temperature is reduced points to conformational changes within the molecule ͑discussed below͒. In all cases bond order parameters are smaller than the order parameters for the GayBerne units, indicating the importance of the latter in determining the overall structure of the bulk liquid crystal.
Comparison of a series of molecular configurations at 2 ps intervals confirms that internal molecular structure changes with temperature. At 300 K ͑smectic-A phase͒ a mean figure of 73 conformational changes occur between snapshots, and there is a strong preference for changes to the even dihedrals ( 2 , 4 , 6 ) with a mean rate of change of 4.4ϫ the rate of change for the odd dihedrals ( 1 , 3 , 5 , 7 ). The high barrier to direct interconversion of gauche conformations in the Ryckaert-Bellemans potential means that no gauche-gauche transitions are detected and at conformational equilibrium an equal number of transitions to and from trans conformations are detected. As temperature is reduced further the mean rate of conversion of conformers drops considerably. At 275 K ͑assigned smectic-B above͒ the rate of transition drops to a mean of 15 conformational changes between 2 ps snapshots, and at the lowest temperature considered ͑175 K͒ the rate drops to a rate of 2 changes per snapshot. For the latter system, it appears that the conformational changes only occur in the region of defects in the solid structure. Even at the lowest temperature studied there are approximately equal numbers of transitions to and away from trans conformations, and so there is no evidence for a slow annealing to a completely all-trans structure.
The change in molecular structure with temperature is reflected through dihedral angle distributions S(). Figure 7 plots S() for 1 -4 in the pretransitional region at 330 K and the smectic-A phase at 300 K (S() plots for 5 Ϫ 7 are respectively identical to those for 1 Ϫ 3 ). A clear oddeven effect is visible for S( i ) with the odd dihedrals having substantially more molecules with trans conformations in the smectic-A phase. This odd-even effect is also visible in the pretransitional region, but to a much smaller extent. Integrating the dihedral angle distributions provides trans/gauche populations. In Table IV these are given for three temperatures which span the phase diagram. Trans/gauche populations are strongly influenced by the increase in molecular orientational order. As temperature is reduced, and molecules become increasingly ordered, the difference in trans FIG. 6 . Snapshots from simulations in the NPT ensemble showing bonds joining Gay-Berne centres of separation Ͻ6 Å: ͑a͒ smectic-A phase at 300 K ͑viewed perpendicular to the director͒; ͑b͒ smectic-A phase at 300 K ͑single layer viewed down the director͒; ͑c͒ smectic-B phase at 235 K ͑viewed perpendicular to the director͒; ͑d͒ smectic-B phase at 235 K ͑single layer viewed down the director͒; ͑e͒ smectic-B phase at 175 K ͑viewed down the director͒; ͑f͒ smectic-B phase at 175 K ͑adjacent layers viewed down the director͒. 
where C is a normalization factor and V() is an effective torsional potential or conformational free energy. V() is composed of contributions from both intramolecular interactions V int ͑mainly the Ryckaert-Bellemans potential and 1-5 nonbonded interactions͒, and an intermolecular part V ext which depends strongly on molecular environment. Extracting V() from Equation ͑10͒ in different phases provides a convenient temperature independent probe of the influence of molecular environment on molecular structure. Figure 8 shows a comparison between the effective torsional potentials at 300 K and 330 K and the Ryckaert-Bellemans potential. The potential in the pretransitional ͑330 K͒ region and that at a higher temperature ͑370 K͒ in the isotropic phase are almost identical. This suggests that the differences between the Ryckaert-Bellemans curve and V() in the liquid phase can be attributed to intramolecular interactions, and a intermolecular contribution to V() which is largely temperature independent. In contrast the differences between the potential at 300 K and 330 K can be directly attributed to the intermolecular component of V() which changes in going from the isotropic to the smectic-A phase. In Figure 8 this has the effect of increasing the energy difference between gauche and trans conformers ⌬E gt and raising barrier heights for conformer interconversion. Both these factors show a strong odd-even effect with the odd dihedrals effected most strongly. The reason for this can be seen in Table V where the populations of the most favoured of the 3 7 possible chain conformers are listed for the isotropic and smectic-A phases. The influence of smectic order is to strongly promote those conformations in which the molecule remains linear. In Table V the all-trans conformation ͑ttttttt͒ is strongly favoured by a change to a smectic-A phase, and gauche conformations tgttttt, tttgttt, tttttgt in which the molecule remains more linear are selected in favor of gauche conformations gtttttt, ttgtttt, tttgttt, ttttgtt, ttttttg in which the gauche linkage causes a major departure from molecular linearity. The latter are less abundant in the smectic-A phase than four conformers containing two gauche bonds ͑e.g., tg ϩ tg Ϫ ttt). In the case of these conformers the energy gained in keeping the molecule linear is sufficient to overcome the intramolecular energy penalty of having two gauche linkages. These results are consistent with those of molecular field theory. For 4-n-alkyl-4'-cyanobiphenyl mesogens 5CB ͑C 5 chain͒ and 8CB ͑C 8 chain͒ molecular field theory also predicts an enhancement in populations for linear conformers 46, 47 with increasing order parameter, and these results have been used to successfully interpret quadrupolar couplings from NMR studies of the deuterated compounds. 48 A number of other workers have examined conformational distributions for mesogens in a nematic phase, and it is of some interest to compare their results with those obtained for smectic phases in this study. Wilson and Allen 21 have considered the mesogen trans-4-͑trans-4-npentylcyclohexyl͒cyclohexylcarbonitrile ͑CCH5͒ and report runs in excess of 700 ps in the nematic phase. They report an increase in the energy gap between gauche and trans conformers ⌬E gt from a pretransitional NPT simulation at 390 K to a nematic simulation at 350 K with an order parameter of 0.62. Starting from the end of the alkyl chain the increase in ⌬E gt values for CCH5 dihedrals are respectively 1.1, 0.03, 0.72 kJ/mol. These results are comparable with those obtained in this work ͑quoted in also report an odd-even effect for chain dihedrals seen in atomistic simulations of 80 5CB molecules. As in this work, Cross and Fung have attributed this effect to the coupling between molecular conformation and the orientational mean field arising from neighbouring molecules in the fluid.
IV. CONCLUSIONS
A general model has been described which allows the simulation of anisotropic molecules made from a combination of Lennard-Jones sites and Gay-Berne potentials. The model has been used to study the phase behavior of a liquid crystal dimer molecule composed of two Gay-Berne potentials linked by a semi-flexible alkyl chain. The model simulated exhibits isotropic liquid, smectic-A and smectic-B phases, identified through examination of S 2 , g ʈ , g Ќ , g 2 for Gay-Berne units and through visualization of configuration snapshots. In both NVT and NPT studies the simulations time required to grow a smectic-A phase from an isotropic liquid is approximately 6 ns. Molecules remain flexible in the smectic-A phase and freely undergo conformational changes to and from gauche/trans conformers. A strong odd-even effect is exhibited in bond order parameters in the alkyl chains, and a strong coupling between molecular environment and molecular conformation is seen. The latter leads to an enhancement in the populations of linear conformers, and effective torsional angle potentials which are strongly influenced by molecular environment.
The simulation methods employed in this study have many potential applications. The use of Gay-Berne potentials to replace rigid parts of the molecule provides substantial savings in computer time over fully atomistic models. This opens the way for the simulation of polymer liquid crystal materials, for both main-chain and side-chain systems. There is however considerable work required before models of this type may be used to quantitatively predict phase behavior of real systems. For example, the phase behavior of real ␣, -bis͑4,4'-cyanobiphenyloxy͒alkyl homologues 32 are rather different to the Gay-Berne dimer system studied here. In the real homologues only nematic mesophases have been observed. This would suggest that segregation into aromaticrich and aliphatic-rich sub-layers is not strongly favoured for these systems. In the present work the preference for microphase separation into Gay-Berne rich and Lennard-Jones domains is visible in the pretransitional region of the isotropic phase and at lower temperatures this leads to the formation of smectic phases. It would be possible to vary the relative strengths given to Gay-Berne/Gay-Berne and GayBerne/Lennard-Jones interactions, increasing the latter is likely to destabilize smectic-A and smectic-B phases in favor of nematics. However, at the present time, no systematic parameterisation of Gay-Berne/atom interactions exists. Considerable work is still required in this area before models of the type described in this study can be used in the prediction of transition temperatures and phases for real mesogenic molecules.
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